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ABSTRACT 

A d e t a i l e d  i n v e s t i g a t i o n  of  the  problem as soc ia t ed  with 

t h e  vent ing of  combustible hydrogen f r o m  launch v e h i c l e s  i s  

summarized. P r o b l e m s  a s soc ia t ed  w i t h  the k i n e t i c s  of t h e  hydrogen 

a i r  system , inc lud ing  t h e  t w o  phase phenomena a s soc ia t ed  w i t h  

cryogenic hydrogen, a s  w e l l  a s  the  f l u i d  mechanical mixing problems 

and t h e  coupling of  t h e  two w e r e  considered. 

performed i n  support  of t h e  many t h e o r e t i c a l  ana lys i s .  

Experiments w e r e  

It i s  concluded t h a t  the  manner of hydrogen vent ing determines 

t h e  combustion hazard.  R e s u l t s  i nd ica t e  combustion would occur i f  

the vent ing  w e r e  such t h a t  hydrogen could d i f f u s e  i n t o  the boundary 

l a y e r  on the veh ic l e  surface.  

I n  reaching t h e s e  conclusions important t e c h n i c a l  c a p a b i l i t i e s  

i n  t h e  f i e lds  of two phase flow, d e t a i l e d  compressible t u r b u l e n t  

boundary l a y e r  s t u d i e s ,  and p r a c t i c a l  techniques f o r  computing 

flows wi th  d i f f u s i o n  and f i n i t e  r a t e  chemistry w e r e  developed. 
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INVESTIGATION OF COMBUSTION OF HYDROGEN I N  A HYPERSONIC AIR-STREAM 

I. INTRODUCTION 

The advent of  hydrogen fue led  upper s t a g e  launch v e h i c l e s  h a s  

c rea t ed  problems a s soc ia t ed  w i t h  t h e  dumping of  t h i s  combustible 

hydrogen during a c t u a l  f l i g h t .  S i n c e  t h e  hydrogen w i l l  m i x  wi th  

t h e  e x t e r i o r  a i r  flow, t h e  p o s s i b i l i t y  of  it combusting and r e l e a s i n g  

l a r g e  amounts o f  h e a t  energy i n  t he  v i c i n i t y  of  t h e  v e h i c l e  has  been 

inves t iga t ed .  To do so has  required,  f i r s t  a d e s c r i p t i o n  of t h e  

combustion process  and second, a desc r ip t ion  of t h e  flow f i e l d  

r e s u l t i n g  from t h e  mixing of t h e  dumped hydrogen and t h e  e x t e r n a l  

a i r .  The l a t t e r  i n v e s t i g a t i o n  y i e l d s  information a s  t o  when and where 

i n  t h e  flow f i e l d  t h e r e  w i l l  e x i s t  combustible mixtures  of  a i r  and 

hydrogen. 

Chemical k i n e t i c  s t u d i e s  were performed(Reference 1) t o  determine 

where i n  t h e  launch t r a j e c t o r y  condi t ions would be m o s t  f avorable  f o r  

combustion. F lu id  mechanical mixing models w e r e  se t  up t o  i n v e s t i -  

g a t e  two dumping configurat ions:  t angen t i a l  s lo t  i n j e c t i o n ,  and 

i n j e c t i o n  by means of je ts  loca ted  p a r a l l e l  to ,  b u t  removed from t h e  

v e h i c l e  sur face .  I n i t i a l  s t u d i e s  considered s i m p l i f i e d  ( l i n e a r )  

f l u i d  mechanics with a simple (flame shee t )  chemistry model (References 

2 , 3 , 4 ) .  Both laminar and t u r b u l e n t  flows w e r e  i nves t iga t ed .  More 

s o p h i s t i c a t e d  flow models were then formulated r equ i r ing  f i n i t e  

d i f f e r e n c e  s o l u t i o n  techniques and employing f i n i t e - r a t e  k i n e t i c s  

models. (References 5 ,  6 ,  11, 14) .  Also i n v e s t i g a t e d  w e r e  t h e  two-  

phase f l o w  phenomena, i . e . ,  condensation and evaporat ion,  a s soc ia t ed  

wi th  t h e  dumping of cryogenic hydrogen, (References 7 ,  8 ,  1 2 ,  13) 

These a n a l y t i c  formulat ions w e r e  supported by experimental  i n v e s t i -  

g a t i o n s  of both t h e  s l o t  and j e t  dumping conf igura t ions  (References 

9,  1 5 ) .  
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Whereas conclusions drawn from t h e  i n i t i a l  a n a l y t i c a l  s t u d i e s  

ind ica t ed  the p r o b a b i l i t y  of temperature and pressure  f i e l d s  t o o  

l o w  t o  i n i t i a t e  combustion, experimental  r e s u l t s  i nd ica t ed  t h a t  

combustion might indeed be poss ib le .  

d i s turbances ,  e .g . ,  small su r f ace  protuberances i n  t h e  v i c i n i t y  of 

the hydrogen mixture could r e s u l t  i n  i g n i t i o n  of t h e  hydrogen-air 

mixture. More s o p h i s t i c a t e d  a n a l y t i c a l  i n v e s t i g a t i o n  confirmed 

these observat ions.  

It was found t h a t  small  

At ten t ion  was next  focused on the p a r a l l e l  j e t  dumping 

configurat ion.  Experimental s t u d i e s  showed t h a t  the p o s i t i o n i n g  

o f  the j e t ,  i . e . ,  i t s  d i s t a n c e  from the  v e h i c l e  su r face ,  c o n t r o l l e d  

t h e  p o s s i b i l i t y  of hydrogen d i f f u s i o n  i n t o  the veh ic l e  boundary 

l aye r .  

i n t o  t h e  boundary layer  could indeed combust i n  the neighborhood of 

the vehic le  surface.  It was f u r t h e r  concluded t h a t  moving the j e t  

f a r  enough away from t h e  su r face  would r e s u l t  i n  n e g l i g i b l e  hydrogen 

su r face  concentrat ions and hence t o  a n e g l i g i b l e  combustion hazard.  

I n  the  courseof  these s t u d i e s ,  s e v e r a l  important t e c h n i c a l  

Concurrent a n a l y t i c a l  e f f o r t s  showed t h a t  hydrogen d i f f u s i n g  

c a p a b i l i t i e s  w e r e  developed. These a re :  

1. Analy t ica l  and numerical t rea tment  of two phase flow 

systems including d i f f u s i o n  and f i n i t e  r a t e  chemistry.  

2.  Analyt ical  and numerical t rea tment  of t h e  compressible 

tu rbu len t  boundary l a y e r  r equ i r ing  no a p r i o r i  assumptions of  t h e  

compressible t r anspor t .  

3. P r a c t i c a l  computation techniques f o r  the coupling of f i n i t e  

r a t e  chemistry w i t h  d i f f u s i o n .  

Publ ica t ions  r e s u l t i n g  from the  above work are: 

Edelman, R.E.  , Rosenbaum, H . ,  "Generalized Viscous Multicomponent 

Multiphase Flows w i t h  Appl icat ion t o  Laminar and T u r b u l e n t  Jets O f  

Hydrogen", A I M  Heterogeneous Combustion Conference, Palm Beach, F l a .  

D e c e m b e r  11-13, 1963, a l s o  A I =  Journal  Vol 2,  N o .  1 2 ,  D e c .  1964. 
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Edelman, R.E. ,  Rosenbaum, H . ,  "F in i t e  Rate Evaporation of  a 

Cryogenic Propel lan t  i n  a Binary Two-Phase Mixture with Applicat ion 

t o  t h e  Hydrogen-Air System", AIAA 2nd Aerospace Sciences Meeting 

New York, N. Y . ,  January 25-27, 1965. 

I 

I 

Publ ica t ions  inc luding  s i g n i f i c a n t  con t r ibu t ions  from t h e  

above work are:  

S lu tsky ,  S. , Tamagno, J. ,  Trentacoste ,  N . ,  "An Experimental and 

Analy t ica l  Inves t iga t ion  of  Ign i t ion  and Axisymmetric Turbulent 

Flame Propagation i n  Premixed Hydrogen-Air F l o w s  with Applicat ion 

t o  Supersonic Combustion", A I A A  2nd Aerospace Sciences Meeting, 

New York, New York, January 25-27, 1965. 

Fer r i ,  A. ,  Moretti,  G . ,  and S lu tsky ,S , ,  "Mixing Processes i n  Super- 

s o n i c  Combustion", SIAM National  Meeting, Washington, D. C . ,  

May 11-14, 1964. 

F e r r i ,  A . ,  "A Review of  Problems i n  Applicat ion of Supersonic 

Combustion!r, Seventh Lanchester Memorial L e c t u r e ,  May 1 2 ,  1964. 

Also Journa l  of t h e  Roy. Aero. SOC. V o l  68 No. 645, September 1964 

pp. 575-597. 



TR 529 
4 

11. TECHNICAL SUMMARY 

The o r i g i n a l  s ta tement  of  scope of  work under t h e  con t r ac t  

reads,  "The Contractor w i l l  conduct a n a l y t i c a l  i n v e s t i g a t i o n s  of 

i g n i t i o n  c h a r a c t e r i s t i c s  of hydrogen i n  hypersonic boundary l a y e r s  

under combinations of s t a t i c  p re s su res  and v e l o c i t i e s  t y p i c a l  of 

launch vehic le  t r a j e c t o r i e s  and of t h e  h e a t  t r a n s f e r  r e s u l t i n g  

from t h e  chemical r eac t ion .  The flow conf igura t ions  i n v e s t i g a t e d  

a r e  t o  be idea l i zed  t o  make them adaptable  t o  a n a l y t i c  t rea tment" .  

I n  order t o  descr ibe  t h e  gene ra l ly  complex phys ics  of a 

r eac t ing  non-homogenous j e t  o r  boundary l a y e r ,  t h e  problem was 

cons idered  by means of a succession of p rogres s ive ly  more en- 

compassing formulations of t h e  physical  model. 

approach the re  were c a r r i e d  out  a number o f  s t u d i e s  which w i l l  be 

descr ibed i n  t h e  following r epor t .  

I n  pursuing t h i s  

The f i r s t  study was summarized i n  GASL TR 330, e n t i t l e d  

"Engineering Est imates  of Flow Lengths Associated wi th  t h e  

Combustion of Hydrogen-Air Mixtures During a Launch Tra jectory ' l  , 
by P. A.  Libby, H. S. Pergament, and P. Taub, Reference 1. I n  

t h i s  s tudy ,  e s t ima tes  w e r e  made of t h e  combustion c h a r a c t e r i s t i c s  

of  hydrogen e j e c t e d  from a launch v e h i c l e  during a t y p i c a l  e x i t  

t r a j e c t o r y  under t h e  assumption of i n v i s c i d  flow. The flow 

lengths  assoc ia ted  with t h e  induct ion  (o r  i g n i t i o n )  per iod  and 

t h e  h e a t  r e l ease  (or  r e a c t i o n )  per iod  of the hydrogen-air r e a c t i o n  

w e r e  computed. The f i r s t  so-cal led " induct ion  per iod" involves  

major a l t e r a t i o n s  i n  composition (such as t h e  formation of water  

and of intermediate  spec ie s )  with no s i g n i f i c a n t  h e a t  release, 

i . e .  , no temperature rise. During t h e  second r e a c t i o n  per iod ,  t h e  

concent ra t ions  of t h e  in t e rmed ia t e s  decay and h e a t  i s  r e l eased .  
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The t imes a s soc ia t ed  with both per iods a r e  r e a d i l y  es t imated 

f o r  a given pressure  and i n i t i a l  temperature. It  i s  the re fo re  

poss ib l e  t o  apply such estimates t o  determine the f l o w  lengths  

a s soc ia t ed  with t h e  induct ion  and h e a t  release per iods  and thus  

t o  estimate under what f l o w  condi t ions combustion i n  t h e  v i c i n i t y  

of the  launch v e h i c l e  can be expected. The estimates do not  inc lude  

de lays  due t o  vapor iza t ion  of l i q u i d  f u e l ,  in termixing of t h e  hydrogen 

w i t h  t h e  a i r  o r  of phase changes i n  two-phase mixtures  of gaseous 

and condensed oxygen, n i t rogen ,  hydrogen. 

During an e x i t  t r a j e c t o r y  the re  a r e  t w o  counteract ing e f f e c t s  

in f luenc ing  the induct ion  and combustion t i m e s .  A s  t h e  launch v e h i c l e  

a c c e l e r a t e s  the s t a t i c  p res su res  near the v e h i c l e  decreases ,  tending 

t o  i n c r e a s e  the induct ion  t i m e s  while the maximum s t a t i c  temperature 

behind s t rong  shock waves increases ,  tending t o  decrease such t i m e s .  

Accordingly it might be expected t h a t  t h e  est imated flow l eng ths  

w a l d  have a minimum. This w a s  indeed found t o  be the case. Thus 

f o r  i n j e c t i o n  schemes a s  shown Figure 1 and f o r  a f l i g h t  t r a j e c t o r y  

a s  g iven  i n  Figure 2, it w a s  concluded t h a t  dumping of hydrogen 

e i t h e r  through a s l o t  o r  through a tube p a r a l l e l  t o  t he  f r e e  stream 

would give considerably longer combustion l eng ths  than f o r  normal 

i n j e c t i o n .  C r i t i c a l  a l t i t u d e s  w e r e  found t o  l i e  i n  t h e  reg ion  

between 125,000 and 175,000 f t .  depending on t h e  amount of i n j e c t i o n .  

It  should be noted t h a t  these f irst  r e s u l t s  w e r e  conservat ive ( i .e . ,  

having shorter flames) s ince  they d i d  not  take i n t o  account delay 

t i m e s  due t o  evaporat ion,  mixing, e t c .  

Next t h e r e  w e r e  s tud ied  the e f fec ts  of i n j e c t i o n  of hydrogen 

i n t o  a laminar boundary l a y e r  v i a  a t a n g e n t i a l  w a l l  s lo t .  T h i s  

work w a s  r epor t ed  i n  Technical Report 332 e n t i t l e d  "S lo t  I n j e c t i o n  

of Reac t ive  Gases i n  Laminar Flow w i t h  Appl icat ion t o  Hydrogen 

Dumping" by Paul A. Taub. (Reference 2 ) .  T h e  work made u s e  of a 
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technique of l i n e a r i z a t i o n  of the flow f i e l d  and r e s u l t e d  i n  t h e  

formulat ion of  a non-similar type of boundary l a y e r  a s soc ia t ed  

w i t h  the  i n i t i a l  va lue  problem of h e a t  flow theory.  The i d e a l i z a -  

t i o n s  of laminar and s teady  cons tan t  pressure  flow were appl ied.  

T h e  chemical behavior was taken t o  correspond t o  e i ther  frozen 

f l o w  o r  t o  equilibrium flow. The equi l ibr ium flow r e s u l t e d  i n  

the p o s s i b i l i t y  o f  using t h e  f l a m e  sheet approximation. I n  

add i t ion ,  t h e  assumption of Prandt l  number and a l l  L e w i s  numbers 

equal t o  un i ty  was used. 

w i th  respec t  t o  ( p p )  ( e x t e r i o r )  was denoted by C and was taken t o  

be a funct ion of t h e  streamwise coord ina te  only. Ca lcu la t ions  w e r e  

c a r r i e d  o u t  f o r  a t y p i c a l  launch t r a j e c t o r y  a t  t h e  p o i n t  corresponding 

t o  the minimum delay t i m e  discussed i n  the  above report. Thus, 

most of  the c a l c u l a t i o n s  w e r e  performed a t  an a l t i t u d e  of 45 k i l o -  

m e t e r s ,  an ambient temperature of  275 K and an ambient p re s su re  of 

.00157 atmospheres. Vehicle v e l o c i t y  was 5800 f e e t  per  second. 

Heat t r a n s f e r  r e s u l t s  f o r  two cases  w i t h  cons t an t  wa l l  temperatures  

a r e  shown i n  F igures  3 and 4. These curves a r e  drawn f o r  bo th  

equi l ibr ium and frozen flow condi t ions .  Addi t iona l  c a l c u l a t i o n s  

w e r e  made w i t h  s eve ra l  va lues  of t h e  r a t i o  of j e t  v e l o c i t y  t o  

e x t e r n a l  ve loc i ty  and some w i t h  va lues  of h igh  e x t e r i o r  f l o w  tempera- 

t u r e  corresponding t o  flow through an upstream shock. T h e  r e s u l t s  

i l l u s t r a t e  t he  advantages of i n j e c t i o n  of cold gases  i n t o  t h e  

boundary layers  of launch veh ic l e s .  I n  many cases ,  r e a c t i o n s  may 

be assumed t o  occur b u t  it was found t h a t  the h e a t  t r a n s f e r  rise 

as soc ia t ed  w i t h  combustion may be delayed for s u b s t a n t i a l  d i s t a n c e s  

downstream of the s l o t  i n j e c t o r  and the h e a t  t r a n s f e r  rise may be 

r e l a t i v e l y  minor. 

T h e  product p t i m e s  ~1 non-dimensionalized 

e 

0 
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I n  connection with t h e  above boundary l a y e r  program it was 

considered of  i n t e r e s t  t o  e s t ima te  t h e  induced p res su re  f o r c e s  

a s soc ia t ed  with t h e  boundary l aye r s .  

c o e f f i c i e n t  was caused t o  inc rease  a t  t h e  forward p o r t i o n  of  t h e  

boundary l a y e r  and t o  become negat ive f u r t h e r  down along t h e  boundary 

l a y e r  due t o  t h e  curving back of the  combustion region as t h e  flame 

h i t s  t h e  s t r u c t u r e .  D e t a i l s  of the c a l c u l a t i o n  and procedure a r e  

descr ibed  i n  TR 365 e n t i t l e d  "Induced Pressure  Forces Due t o  Hydrogen 

Dumping" by Harold Rosenbaum, (Reference 3 ) .  The procedure was 

r e l a t i v e l y  simple r equ i r ing  only the  computation of t h e  displacement 

th ickness  and t h e  subsequent d e t e m i n a t i o n  of t h e  p r e s s u r e  c o e f f i c i e n t  

which was def ined  by l i n e a r i z e d  supersonic theory t o  be p ropor t iona l  

t o  

It was found t h a t  t h e  pressure 

I n  p a r a l l e l  with t h e  above boundary l aye r  problems t h e  

problem of flow i n  an axisymmetric j e t  was considered i n  TR 331 

e n t i t l e d  "Axisymmetric Laminar and T u r b u l e n t  Je t s  of  Hydrogen With 

Simple Chemistry" by H. Rosenbaum. (Reference 4 )  The conf igura t ion  

considered he re  i s  t h a t  of a uniform axisymmetric j e t  o f  pure hydrogen 

i s s u i n g  i n t o  a uniform p a r a l l e l  f r e e  stream. Both t u r b u l e n t  and 

laminar f low models with u n i t y  L e w i s  and Prandt l  numbers w e r e  t r e a t e d .  

The l i m i t i n g  chemical behaviors  of frozen and equi l ibr ium flow w e r e  

assumed. T h e  flame s h e e t  approximation was appl ied  i n  t h e  c a s e  of t h e  

equ i l ib r ium model. 

The c a l c u l a t i o n s  w e r e  performed along a p o i n t  of a t y p i c a l  

t r a j e c t o r y  f o r  a launch veh ic l e .  The po in t  chosen, was aga in ,  t h e  

45 k i lome te r  e l eva t ion .  I n  t h e  case of laminar flow t h e  v i s c o s i t y  

c o e f f i c i e n t  was computed i n  t e r m s  of the element va lues  using the  w e l l  

known formula of Bromley. I n  t h e  case of t u r b u l e n t  flow t h e  eddy 
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v i s c o s i t y  chosen was t h a t  suggested by Ferr i ,  p ropor t iona l  t o  the 

d i f f e rence  p.u - 
h a l f  r a d i u s  of t h e  j e t  w h e r e  subsc r ip t s  j and e refer r e s p e c t i v e l y  

t o  t he  j e t  c e n t e r l i n e  and free stream va lues .  

temperature of  265 K t he  three va lues  of the v e l o c i t y  r a t i o  . 3 3 ,  

.8 were chosen; a j e t  temperature of 60 K and the v e l o c i t y  r a t i o  Of 

a h a l f  was a l so  considered. Figures  5 t o  8 show a flame shee t  

a t t a i n e d  by the model for both tu rbu len t  and laminar equi l ibr ium flow 

f o r  the  f l i g h t  and gas  condi t ions  c i t e d  above. 

u t i m e s  t h e  c h a r a c t e r i s t i c  scale equal  t o  the  
7 j p e e  

For the case  of a j e t  

- 5 ,  
0 

0 

It i s  of i n t e r e s t  t o  note  t h a t  f o r  a given set  of f l i g h t  cond i t ions  

the re  appears t o  be a dimensionless flame l e n g t h  t h a t  i s  v i r t u a l l y  

independent of the j e t  v e l o c i t y  t o  free s t ream v e l o c i t y  r a t i o  U. /Ue.  

For laminar f l o w  the length  of the flame sheet s e e m s  t o  be p ropor t iona l  
2 t o  t h e  square of the j e t  r ad ius  a 

For a t u rbu len t  flow, the f l a m e  l ength  v a r i e s  a s  the f i r s t  power of the 

7 

and t o  t h e  f i r s t  power of Q . U . / D ~ / U ~ .  
7 3  

j e t  r a d i u s  and the square r o o t  of the mass flux r a t i o  

A comparison of t h e  flame l eng ths  encountered i n  laminar and 

t u r b u l e n t  f low for condi t ions  considered here i n d i c a t e  a r a t i o  of 

t h e  order  of 100 t o  1, (laminar t o  t u r b u l e n t ) .  

T h e  foregoing work was concerned p r imar i ly  w i t h  the development 

of es t imates  of the e f f e c t  o f  hydrogen dumping on the h e a t  t r a n s f e r  

through t h e  boundary l a y e r  of the launch veh ic l e .  Accordingly l i m i t s  

of t hese  heat  t r a n s f e r  effects w e r e  determined using such  approxi- 

mations a s  frozen flow f o r  r e l a t i v e l y  slow r e a c t i o n  cond i t ions  and 

equi l ibr ium flows f o r  r e l a t i v e l y  f a s t  r e a c t i o n  condi t ions .  The 

e f f e c t  of turbulence was gauged using simple t r a n s p o r t  models. 
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I n  t h e  next  phase o f  the m r k  o u r  goa l  was extended to  develop 

an understanding of more r e a l i s t i c  a spec t s  of hydrogen dumping from 

launch veh ic l e s .  Thus, t h e  program w a s  concerned w i t h  condi t ions  f o r  

i g n i t i o n  and combustion i n  t h e  boundary l a y e r  of a non-homogeneous 

mixture of hydrogen and a i r  a s  w e l l  as i n  t h e  f r e e  f i e l d  behind 

regions of shocks such a s  would be  generated a t  con ica l  t r a n s i t i o n  

sec t ions .  An estimate of t h e  e f f e c t  of s o l i d  o r  l i q u i d  phase 

components i n  t h e  e j e c t e d  hydrogen on t h e  h e a t  t r a n s f e r  and on t h e  

i g n i t i o n  c h a r a c t e r i s t i c s  of t h e  mixture was considered i n  t h i s  

phase. 

TR 385 e n t i t l e d  "The Laminar Boundary Layer i n  Hydrogen A i r  

Mixtures wi th  F i n i t e  Rate Chemistry" by Libby, Rosenbaum and Slutsky 

(Reference 5)  c o n s t i t u t e d  an i n i t i a l  s t e p  i n  the  development of a 

computer program which was conceived of having t h e  c a p a b i l i t y  of 

t r e a t i n g  a r b i t r a r y  laminar boundary l a y e r  flows wi th  chemical 

r e a c t i o n s  and accu ra t e ly  descr ibed t r a n s p o r t  p r o p e r t i e s .  The flow 

f i e l d  was r e l a t e d  t o  t h e  s l o t  i n j e c t i o n  of hydrogen with a v e l o c i t y  

equal  t o  t h a t  i n  t h e  e x t e r n a l  s t r e a m  with simple t r a n s p o r t  p r o p e r t i e s  

and wi th  c o n s t a n t  pressure .  The m o d e l  was cons t ruc ted  s t a r t i n g  with 

a Levy-Lees t ransformation of t h e  f l u i d  dynamic equat ions and with 

t h e  assumption of t h e  Blas ius  v e l o c i t y  p r o f i l e .  The ~p product was 

taken independent of t h e  normal coordinate  toge the r  wi th  u n i t  

P rand t l  and L e w i s  numbers. The f i n i t e  r a t e  chemical r eac t ion  mechanism 

and equa t ions  w e r e  t h e  same a s  those used i n  t h e  ear l ier  work by 

Libby, Pergament and Taub, (Reference 1). Nitrogen was assumed t o  be 

an  i n e r t  d i l u e n t  and t h e  r eac t ion  s t eps  considered f o r  t h e  hydrogen- 

oxygen system w e r e  e i g h t  forward and e i g h t  reverse  r eac t ions .  The 

d i f f u s i o n  c o e f f i c i e n t  a s soc ia t ed  w i t h  t h e ' d i f f u s i o n  o f  each of t h e  

species i n  t h e  mixture was assumed t o  correspond t o  a L e w i s  number 
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equal  t o  uni ty .  I t  i s  t o  be noted, t h a t  t h e  assumptions of cons t an t  

0~ of  a s ing le  d i f f u s i o n  c o e f f i c i e n t  and of a s i m i l a r  v e l o c i t y  f i e l d  

w e r e  no t  e s s e n t i a l  t o  t h e  numerical ana lys i s  and w e r e  chosen as a 

f i r s t  approximation t o  a system of g r e a t e r  g e n e r a l i t y .  

It was found t h a t  t h e  f i n i t e  d i f f e r e n c e  program, a s  developed 

above, worked s a t i s f a c t o r i l y  only when t h e  chemical r e a c t i o n s  w e r e  

slow, t h a t  i s  when long i g n i t i o n  d i s t a n c e s  preva i led .  With t h a t  

r e s t r i c t i o n  computation t i m e  f o r  boundary l a y e r  d i s t a n c e s  over  which 

the  hydrogen mass f r a c t i o n s  became n e g l i g i b l e  throughout t h e  

boundary l a y e r  was approximately 30 t o  40 minutes. Thus, a program 

of u t i l i t y  i n  connection with heterogeneous b u t  non-reactive flow 

was ava i l ab le .  However, when t h e  r e a c t i o n s  w e r e  f a s t  enough t o  

l ead  t o  s i g n i f i c a n t  chemical production it w a s  found t h a t  a 

streamwise s t e p  s i z e  had t o  be taken so small  t h a t  computation was 

imprac t ica l .  The d i f f i c u l t y  was s tud ied  and was found t o  be a s soc ia t ed  

wi th  a " s t i f f n e s s "  of t h e  equat ions c o n t r o l l i n g  the f r e e  r a d i c a l  

genera t ion ,  i . e . ,  of H ,  OH and 0. The s o l u t i o n  t o  t h i s  problem was 

found i n  subsequent work which i s  descr ibed  la te r  i n  t h i s  summary 

r e p o r t  . 
Calcula t ions  w i t h  t h i s  program w e r e  c a r r i e d  ou t  f o r  p o i n t s  on 

t h e  t r a j e c t o r y  corresponding t o  an a l t i t u d e  of 45 KM and a Mach number 

of approximately 5 ,  which gave a minimum i g n i t i o n  de lay  t i m e  and 

hence represents  condi t ions  most favorable  f o r  t h e  combustion and 

h e a t  r e l ease  of the  s lo t  i n j e c t e d  hydrogen. I n  a d d i t i o n ,  a case 

i n  which the e x t e r n a l  cond i t ions  of  t h e  boundary l a y e r  flow cor res -  

ponded to t h a t  due t o  an obl ique  shock wave upstream of  t h e  s l o t  

was considered. 

Numer ica l  cases  considered w e r e  denoted a s  cases  1, 2 and 3 .  

Case 1 corresponded t o  a simple e x t e r n a l  flow over a f l a t  p l a t e  whereas, 
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0 0 
cases  2 and 3 corresponded t o  condi t ions  behind a 45 and 60 obl ique  

shock. I n  a l l  c a s e s  t h e  wal l  o r  skin temperature was assumed t o  be 

500°K. 

b e  75 K f o r  case one and 100 K for cases 2 and 3 .  Under the  

i d e a l i z a t i o n  and assumptions underlying t h i s  study the  numerical 

f i n i t e  d i f f e rence ,  f i n i t e  ra te  chemistry c a l c u l a t i o n s  i n d i c a t e  no 

combustion i n  t h e  boundary l a y e r s  i n  t h e  case o f  1 and 2, wi th in  

lengths  o f  p r a c t i c a l  i n t e r e s t .  I n  case 3 ,  on t h e  o t h e r  hand, t he  

program i n d i c a t e d  t h e  onse t  of r eac t ion  i n  a length i n  the order  

of 10 s l o t  he igh t s .  The i n i t i a l  mass f r a c t i o n  concent ra t ions  and 

s t agna t ion  enthalpy p r o f i l e s  w e r e  ob ta ined  from t h e  s t a r t i n g  s o l u t i o n  

which was developed i n  Report 3 8 5 .  T h i s  s t a r t i n g  s o l u t i o n  technique 

was requi red  i n  order  t o  descr ibe  the development of t h e  mixing 

region from t h e  o r i g i n a l  s l o t  l i p ,  a c r o s s  which t h e r e  e x i s t s  a 

d i s c o n t i n u i t y  i n  t h e  temperature and mass f r a c t i o n s .  There a l s o  

e x i s t s  an indeterminancy a t  t h e  o r i g i n a l  l i p  region which w a s  

removed by a method due t o  Lu Ting, i .e . ,  by e q u i l i b r a t i n g  t h e  second 

o rde r  pressures which r e s u l t  from t h e  growth of t h e  v iscous  mixing 

region emanating from t h e  l i p  and i t s  i n t e r a c t i o n  with t h e  boundary 

l a y e r  a t  t he  base o f  t h e  flow. 

The temperature of t h e  s l o t  i n j e c t e d  hydrogen w a s  taken t o  
0 0 

It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  s t a t i c  t e m p e r a t u r e  "pop" 

a s s o c i a t e d  wi th  t h e  temperature d i s t r i b u t i o n  i n  normal a i r  boundary 

l a y e r s  does no t  e x i s t  i n  t h i s  flow. This  i s  a t t r i b u t e d  t o  t h e  

cool ing  e f f e c t  of t h e  cold,  h igh  hea t  capac i ty  hydrogen which, i n  

a laminar  mixing model, e x i s t s  along t h e  wa l l  f o r  d i s t a n c e s  l a r g e  

i n  comparison t o  t h e  length  of bodies of i n t e r e s t .  Indeed, one f i r s t  

begins  t o  n o t i c e  t h i s  temperature "pop" on the  order of thousands 

of f e e t  ( laminar flow) downstream of t h e  i n j e c t i o n  po in t .  Hence, 

under t h e  i d e a l i z a t i o n  of t h e  flow p resen ted  he re ,  a t  no p lace  i n  t h e  

I : 
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f i e l d s  of the c a s e s  1 and 2 boundary l a y e r s  do s t a t i c  temperatures  

of t h e  order  o f  t h e  hydrogen a i r - i g n i t i o n  temperature appear,  

t h e r e f o r e  no combustion i s  observed f o r  those  cases .  Although unable 

t o  proceed i n t o  t h e  combustion region,  i n  Case 3 the program d id  

p r e d i c t  the onse t  of r eac t ion  a t  a d i s t ance  of t h e  order  of 10 

s l o t  he ights .  A t  t h a t  p o i n t  t h e  genera t ion  of r e a c t i v e  spec ie s  

was noted b u t  t h e  t i m e  requi red  f o r  t h e  computer program t o  proceed 

became so la rge  t h a t  t h e  computations had t o  be h a l t e d .  Conceptual 

modif icat ions,  a s  noted below, had t o  be appl ied  be fo re  t h i s  

program would ope ra t e  s a t i s f a c t o r i l y  i n  t h e  region of r ap id  chemical 

combus ti on. 

On the b a s i s  of observa t ions  made by A. F e r r i  i n  connection 

with supersonic engine hydrogen combustion s t u d i e s ,  it i s  be l ieved  

t h a t  l o c a l  pressure pe r tu rba t ions  due t o  combustion could be 

amplif ied by e x t e r n a l  flow f i e l d  curva ture  induced i n  t h e  case of 

t h e  j e t  by l o c a l  j e t  spreading and i n  t h e  boundary l a y e r  by l o c a l  

boundary l aye r  thickening.  The p res su re  p e r t u r b a t i o n s  i n  t u r n  speed 

up t h e  chemical r eac t ions  i n  t h e  per turbed  region.  Accordingly, 

a prel iminary i n v e s t i g a t i o n  of a first o r d e r  i n t e r a c t i o n  theory  

o f  pressure  v a r i a t i o n  due t o  growth of t h e  boundary l a y e r  d i sp l ace -  

ment th ickness  coupled wi th  combustion h e a t  release was i n i t i a t e d .  

The mathematical statement of t h e  problem was formulated using 

i n t e g r a l  methods and was presented  i n  GASL TR 377 e n t i t l e d "  A 

Preliminary Analysis of a Reacting Boundary Layer with Coupled 

Pressure  In t e rac t ion"  by R.  Edelman and P. A. Libby (Ref. 6 ) .  

I n  t h i s  ana lys i s  t h e  e x t e r n a l  p re s su re  was assumed t o  depend l i n e a r l y  

on t h e  slope of t h e  displacement t h i c k n e s s  i n  accordance wi th  t h e  

l i n e a r i z e d  supersonic approximation. Simple t r a n s p o r t  p r o p e r t i e s  

w e r e  assumed with a l l  Lewis and P r a n d t l  numbers taken equal  t o  

un i ty .  A moment method of s o l u t i o n  was a p p l i e d  which i s  an ex tens ion  
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of t h e  Karman-Polhausen technique involving t h e  u s e  of t h e  normal 

coord ina te  a s  a weighting funct ion.  There r e s u l t e d  a l a r g e  system 

o f  f i r s t  o r d e r  non-linear ord inary  d i f f e r e n t i a l  equat ions.  Although 

t h e  equat ions f o r  t h e  hydrogen-air system w e r e  worked o u t  i n  

considerable d e t a i l  t h e  numerical work on t h e  program was not  

fol lowed through because of t h e  considerable  complexity of t h e  

equat ions and of t he  program t h a t  would be requi red  t o  implement 

them. A more f e a s i b l e  formulat ion of t h e  problem was subsequently 

proposed. 

One of t h e  obvious ques t ions  which must be asked i n  connection 

w i t h  t h e  dumping of extremely co ldhydrogen  gas  i s  whether o r  no t  

t h e r e  e x i s t s  a p o s s i b i l i t y  of condensation of t h e  hydrogen o r  of 

t h e  n i t rogen  and oxygen from t h e  e x t e r i o r  flow and t h e  e f f e c t  of  

t h e  condensation and subsequent evaporation on the  flow f i e l d .  W e  

would l i k e  t o  be ab le  t o  i n t e r p r e t  t h e  appearance of t h e  observed 

vapor plumes i n  terms of t h e  a n a l y t i c a l  p r e d i c t i o n s  concerning 

evaporat ion and condensation. W e  would l i k e  a l s o  t o  know t h e  

impl i ca t ions  of t h e  condensed phases on t h e  p o s s i b i l i t y  of combustion 

and on t h e  appearance and o the r  gross phenomena a s soc ia t ed  with 

combustion i n  t h e  presence of such condensed phases. I n  TR 349 

e n t i t l e d  "Generalized Viscous Multicomponent Multiphase Flow wi th  

Appl ica t ion  t o  Laminar and Turbulent Jets of Hydrogen" by Edelman, 

Rosenbaum and Slu tsky ,  

continuum f l o w  of a multicomponent system of gases  and of t h e i r  

condensed phases. 

(Reference 7 ) ,  a model was e s t a b l i s h e d  f o r  t h e  

I n  t h e  numerical example t r e a t e d ,  t h e  boundary condi t ions  

w e r e  such  t h a t  t h e  flow was chemically f rozen while  phase t r a n s i t i o n  

was assumed to  t ake  p l ace  i n  equilibrium. This  postponed t h e  compli- 

c a t i o n  of r a t e  chemistry and permitted t h i s  prel iminary a n a l y s i s  t o  

f o c u s  on mult iphase e f f e c t s .  (The e f f e c t  of r a t e  chemistry i s  taken 

up i n  Report TR 508 discussed be low.)  
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Numerical r e s u l t s  f o r  d i f fus ion  of an axisymmetric j e t  

w e r e  presented. F igures  9, 10 ,  and 11, show t h e  j e t  geometry 

and the  r a d i a l  d i s t r i b u t i o n s  of t h e  p e r t i n e n t  v a r i a b l e s  a t  a 

representa t ive  streamwise s t a t i o n  f o r  an a l t i t u d e  of 40KM. Figure 9 

i s  a schematic r ep resen ta t ion  of  t h e  axisymetr ic  j e t  showing a 

m n e  composed e s s e n t i a l l y  of  undisturbed two phase hydrogen. 

I n  c ross ing  t h i s  cone boundary t h e  hydrogen f l a s h e s  t o  vapor 

i n  accordance with t h e  equi l ibr ium assumption. The remaining f i g u r e s  

show the  r a d i a l  and a x i a l  d i s t r i b u t i o n s  of  mixture mass f r a c t i o n s  

of condensed phase and gas  phase components. I n  add i t ion  temperature 

and v e l o c i t y  d i s t r i b u t i o n s  a r e  presented.  

The two l i m i t i n g  cases  of laminar and f u l l y  developed t u r b u l e n t  

flows w e r e  t r e a t e d  and provided t h e  maximum and minimum two-phase 

lengths  respec t ive ly .  The long l eng ths  i n  t h e  laminar flows a r e  

a t t r i b u t e d  t o  low v i s c o s i t i e s  a s soc ia t ed  with t h e  l o w  temperatures.  

The turbulen t  model, used i n  t h e  p re sen t  ca se ,  provides  an eddy 

v i s c o s i t y  based s t r i c t l y  on dynamic q u a n t i t i e s ,  t h a t  i s ,  on t h e  

v e l o c i t y  d i f f e rence  between t h e  a x i s  and f r e e  stream. This  accounts 

f o r  t h e  large,1000 t o  1 , r a t i o  f o r  t h e  laminar t o  t u r b u l e n t  two 

phase lengths  on t h e  a x i s .  

I n  TR 367 e n t i t l e d  " F i n i t e  Rate Evaporation of Cryogenic 

Hydrogen i n  Two Phase A i r "  by Edelman and Rosenbaum, 

t h e  r e s t t i c t i o n  of equi l ibr ium evaporat ion assumed i n  TR 349 was 

l i f t e d ,  although t h e  condensation of a i r  was maintained a s  an 

equi l ibr ium process. The r a t e  r e l a t i o n s  involved i n  t h e  evaporat ion 

of t h e  hydrogen, w a s  governed by t w o  f a c t o r s .  The mass t r a n s f e r  

f a c t o r  f r o m  the p a r t i c l e s  was taken t o  be p r o p o r t i o n a l  t o  t h e  

d i f f e r e n c e  i n  mass concent ra t ion  o f  hydrogen a t  the p a r t i c l e  s u r f a c e  

and i n  t h e  bulk gas phase, 

f o r  mass t r ans fe r .  S imi l a r ly ,  t h e  h e a t  t r a n s f e r r e d  t o  t h e  p a r t i c l e  

was propor t iona l  t o  t h e  temperature d i f f e r e n c e .  Ca lcu la t ions  w e r e  

(Reference 8)  

m u l t i p l i e d  by a d i f f u s i o n  c o e f f i c i e n t  
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c a r r i e d  out  f o r  a number of d i f f e r e n t  i n i t i a l  condi t ions.  R e s u l t s  

a r e  shown i n  corresponding curves f o r  a i r  i n i t i a l l y  i n  t h e  gas  phase.  

Figure 1 2  shows t h e  p a r t i c l e  radius  R and t h e  r a t i o  of gas  phase mass 

t o  t h e ' t o t a l  mass. , Figure 1 3 ,  shows t h e  hydrogen p a r t i c l e  

temperature and t h e  gas  phase temperature. Figure 14 and 15 show t h e  

gas phase and condensed phase mass f r a c t i o n s  r e spec t ive ly .  For a l l  

cases  considered t h e  evaporat ion t i m e  i s  of  t h e  order  of 10 seconds 

f o r  1 micron p a r t i c l e s .  

-5 

I n  a l l  of t h e  foregoing summaries, w e  considered pure ly  

t h e o r e t i c a l  a n a l y t i c a l  r e s u l t s .  

g a t e  condi t ions  f o r  onse t  of i g n i t i o n  and combustion was a lso 

undertaken and was repor ted  i n  GASL TR 404, e n t i t l e d  "Experimental 

R e s u l t s  f o r  Thermal I g n i t i o n  i n  Hydrogen i n  a Supersonic Viscous 

F l o w "  by J. Dunn. (Reference 9 ) .  This r e p o r t  p resented  t h e  r e s u l t s  

of t h e  study of hydrogen i g n i t i o n  i n  a t u r b u l e n t  boundary l aye r  

with p a r t i c u l a r  re ference  ta t h e  e f f e c t s  o f  small  protuberances i n  

t h e  flow. Tests w e r e  conducted i n  a combustion hea ted  blowdown 

wind tunne l  t h a t  exhausted t o  t h e  atmosphere. The t e s t  s e c t i o n  i s  

shown schematical ly  i n  Figure 16. Hydrogen was dumped i n t o  t h e  

t es t  s e c t i o n  through a wal l  s l o t ,  The wa l l  s l o t  was loca ted  i n  t h e  

f u l l y  expanded sec t ion  of t h e  w i n d  tunnel  and was t h r e e  inches 

wide by 1/8 inch  high. For a l l  t e s t s  t he  t o t a l  temperature of  t h e  

hydrogen was approximately 580 R. The s p l i t t e r  p l a t e  fonning t h e  

boundary between the a i r  f l o w  and t h e  hydrogen flow, had a thermo- 

coup le  h e l i a r c e d  t o  t h e  sur face .  

An experimental  program t o  i n v e s t i -  

0 

I n  a d d i t i o n  t o  the  f l u s h  wall t e s t  series, another  series 
0 

was run i n  which a 15 h a l f  angle wedge was placed on t h e  t o p  wa l l  

of the t e s t  s e c t i o n  (along which the hydrogen w a s  ven ted ) .  The 

wedge was loca ted  9-1/4" (74 s l o t  h e i g h t s )  downstream of t h e  e x i t .  

The wedge was .45" high by 2-1/4" wide and d i d  no t  span t h e  t e s t  

s e c t i o n  because a wider span would choke t h e  wind tunnel .  
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Another s e r i e s  of tests was run with a h a l f  c y l i n d r i c a l  

s t a i n l e s s  s t e e l  rod welded t o  t h e  s p l i t t e r  p l a t e  t o  assess t h e  

e f f e c t  of l o c a l  protuberances $I' upstream of  t h e  hydrogen s l o t  

on i g n i t i o n  c h a r a c t e r i s t i c s .  Two d i f f e r e n t  rod s i z e s  w e r e  used, 

one w i t h  a s ix t een th  inch  r ad ius  and a second wi th  a 3/16" 

rad ius .  The  rod length  was 3*" ( t e s t  s e c t i o n  wid th) .  

P r e s s u r e s ,  temperatures and h e a t  t r a n s f e r  r a t e s  w e r e  

measured during each of t h e  above tests.  T e s t s  w e r e  performed 

under condi t ions such t h a t  t h e  s p l i t t e r  p l a t e  wake alone w a s  not 

s u f f i c i e n t  t o  i g n i t e  hydrogen from t h e  s l o t .  Thus, a i r  flowing 

from upstream a t  a s t a t i c  temperature of 1500 R was not  h o t  

enough t o  i g n i t e  t h e  hydrogen i n  t h e  absence of any o t h e r  

dis turbance.  For s t a t i c  temperatures of t he  o rde r  of  1900 R 

t h e  hydrogen would however, have i g n i t e d .  

0 

0 

It  was concluded t h a t :  

S lo t  flow a u t o i g n i t i o n  o f  hydrogen i n  a i r  can be expected 

i f  the maximum temperature of t h e  s p l i t t e r  p l a t e  boundary 

l a y e r  i s  1900 R or h igher .  The temperature f o r  a u t o i g n i t i o n  

i s  probably below 1900 R b u t  i s  d e f i n i t e l y  above 1600 R ,  

a t  the pressures i n  ques t ion  (6 p s i a ) .  The p r i n c i p a l  e f f e c t  

of s t a t i c  pressure  would be t o  change t h e  i g n i t i o n  delay 

and reac t ion  t i m e s  ( l e n g t h s ) .  

Thermal i g n i t i o n  o f  unburned hydrogen from a s l o t  t h a t  i s  

compressed by pass ing  through a shock can be expected i f  

1. 

0 

0 0 

2.  

t h e  "unmixed" maximum s p l i t t e r  p l a t e  boundary l a y e r  tempera- 

t u r e  is r a i s e d  t o  1900 R by the shock. 

maximum temperature i n  a hydrogen a i r  boundary l a y e r  i s  r a i s e d  

t o  1900 R by passing through a shock thermal , i gn i t i on  can be 

0 
A l t e r n a t i v e l y ,  if t h e  

0 

expected. 
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3 .  A b lun t  proturberance ahead o f  t h e  s l o t  exhaust with a 

he igh t  equal  t o  o r  g r e a t e r  than t h e  boundary l a y e r  d i sp lace-  

ment th ickness  can generate enough h o t  gas  t o  s i g n i f i c a n t l y  

a l t e r  t h e  i g n i t i o n c h a r a c t e r i s t i c s  of t h e  s l o t  flow. A tempera- 

t u r e  of 1900 R i n  t h e  protuberance wake a t  t h e  s l o t  exhaust  

can be taken a s  t h e  i g n i t i o n  temperature ( a t  6 p s i a ) .  

4. The t h e o r e t i c a l  i g n i t i o n  delay curves appear t o  be i n  

0 

reasonable  q u a n t i t a t i v e  agreement with r e s u l t s  from t h e s e  

tes ts  and previous  GASL work. 

5 .  H e a t  t r a n s f e r  i nc reases  of 1 . 7  t o  2 . 3  w e r e  measured during 

combustion i n  t h e  cons tan t  a r ea  channel. Turbulent  wa l l  

h e a t  t r a n s f e r  r a t e s  i n  t h e  r e a c t i n g  flow w e r e  observed t o  

be 30% higher  than would be predicted by using h e a t  

t r a n s f e r  r e l a t i o n s  developed f o r  non-reacting flow and 

corrected for pressure  a s  measured i n  t h e  flow. 

It i s  be l ieved  t h a t  t h i s  r e l a t i v e l y  small i nc rease  i n  h e a t  

t r a n s f e r  r a t e  i s  a t t r i b u t a b l e  t o  t h e  i n s u l a t i n g  e f f e c t  of t h e  

hydrogen a s  noted i n  previous a n a l y t i c a l  s tud ie s .  

A s  d iscussed above i n  TR #385 (Reference 5 ) ,  t h e r e  was 

developed an i m p l i c i t  f i n i t e  d i f f e rence  procedure f o r  t h e  s o l u t i o n  

of  t h e  laminar  boundary l a y e r  equat ions wi th  chemical combustion. 

A s  noted t h e  procedure worked v e r y  w e l l  f o r  pure d i f f u s i o n  b u t  d i d  

n o t  work a t  a l l  w e l l  when the f i n i t e  rate chemistry became a 

f a c t o r  of s ign i f i cance .  Of c ruc ia l  importance i n  t h i s  behavior 

was t h e  f a c t  t h a t  t h e  chemical source terms w e r e  t r e a t e d  a s  known 

f u n c t i o n s  of t h e  previous s t e p  because of t h e i r  non-linear form 

( g e n e r a l l y  quadra t i c  o r  c u b i c  i n  the  mass f r a c t i o n s ) .  The r e s u l t i n g  

s o l u t i o n s  r e s u l t e d  i n  o s c i l l a t o r y  and negat ive  mass f r a c t i o n s ,  when 

t h e  step s i z e  exceeded cer ta in  very s m a l l  values ,  except  when the  

r e a c t i o n  r a t e s  w e r e  a l l  se t  i d e n t i c a l l y  t o  zero. I t e r a t i o n  of t h e  

s o l u t i o n  by recomputing t h e  chemical sources  i n  terms of l a s t  
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computed mass f r a c t i o n s ,  d i d  n o t  e l imina te  t h e  genera t ion  of 

nega t ive  species .  Indeed, t h e  i t e r a t i o n  a t  t i m e s  exh ib i t ed  

i t s  own c h a r a c t e r i s t i c  type  of  i n s t a b i l i t y .  The reason f o r  t h i s  

h igh ly  unsa t i s f ac to ry  s t a t e  of a f f a i r s  became q u i t e  c l e a r  a s  a 

r e s u l t  of a d e t a i l e d  i n v e s t i g a t i o n  by G. Moretti,  Ref. 10 and 

D. Magnus on  t h e  one-dimensional flow of  a r e a c t i n g  gas.  These 

i n v e s t i g a t i o n s  showed t h a t  the  c a l c u l a t i o n s  using Runge-Kutta 

and Predictor-Corrector techniques r e s u l t e d  i n  nega t ive ly  damped 

o s c i l l a t i o n  of  t h e  t r a c e  spec ie s ,  p a r t i c u l a r l y  OH, when s t e p  

s i z e  exceeded c e r t a i n  f ixed  values .  More t t i  showed f u r t h e r ,  t h a t  

t h e  same o s c i l l a t i o n s  w e r e  developed by t h e  system of chemical 

equat ions a f t e r  l i n e a r i z i n g  t h e  chemical source terms. I t  

became clear t h a t  t he  o s c i l l a t i o n s  w e r e  due t o  i n s t a b i l i t y  a s s o c i a t e d  

w i t h  t h e  technique of i n t e g r a t i n g  t h e  chemical equat ions  and w e r e  

conceptually r e l a t e d  t o  t h e  kind of  i n s t a b i l i t y  encountered i n  

e x p l i c i t  so lu t ions  of p a r t i a l  d i f f e r e n t i a l  equat ions .  It was 

a l s o  clear t h a t  t h e  l i n e a r i z a t i o n  o f  t h e  source t e r m s  made p o s s i b l e  

t h e  appl ica t ion  of  new techniques f o r  i n t e g r a t i n g  t h e  one dimensional 

chemical equations which could e l imina te  t h e  problem of i n s t a b i l i t y .  

I n  Reference 10, More t t i  examined t h e  exac t  s o l u t i o n s  of t h e  

l i n e a r i z e d  equat ions,  namely t h e  exponent ia l  so lu t ions .  It  was 

found t h a t  t h e  allowable s t e p s i z e  for  accu ra t e  computation c o u l d  

be increased by s e v e r a l  o rde r s  of magnitude. Subsequent i n v e s t i -  

g a t i o n s  by DeGroat and A b b e t t  e s t a b l i s h e d  t h a t  a f i n i t e  d i f f e r e n c e  

s o l u t i o n  based on the subdomain technique,  was s t a b l e ,  and was 

somewhat f a s t e r  t o  so lve  on a d i g i t a l  computer than t h e  exponent ia l  

s o l u t i o n  method which requi red  de te rmina t ion  of  complex eigenvalues  

and a f a i r l y  involved succession o f  numerical  s t e p s .  A summary 

of t h e i r  techniques of s o l u t i o n  and of the l i n e a r i z a t i o n  i s  given 

i n  t h e  Appendix of GASL TR 516 e n t i t l e d  "Laminar Boundary Layer 

Calcu la t ions  with F i n i t e  Rate Chemistry", addendum t o  TR 385 

by S .  S l u t s k y  and H. Rosenbaum. (Reference 11). Th i s  r e p o r t  
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I desc r ibes  the technique of incorporat ing the one-dimensional 

chemistry i n t o  t h e  two-dimensional v i scous  f l o w  f i e l d .  As an 

example of the  d i f f u s i o n  and chemistry system t h e r e  w a s  considered 

the case  of a laminar boundary layer  o f  hydrogen flowing i n  a 

uniform stream of hot a i r .  T h e  ex te rna l  a i r  temperature was 

taken as 1000 K a t  a pressure  of one atmosphere. The temperature 

of t h e  wa l l  was assumed to  be constant  a t  500 K. I n  Figure 1 7  

there a r e  shown boundary l a y e r  temperature p r o f i l e s  a t  va r ious  

a x i a l  l oca t ions .  

1 

0 

0 

The i n i t i a l  temperature p r o f i l e  was chosen t o  correspond t o  

a Crocco i n t e g r a l .  As the h o t  a i r  stream mixes w i t h  the hydrogen 

boundary l a y e r  combustion occurs  and,as can be seen from the  

temperature p r o f i l e ,  t h e  combustion zone i s  q u i t e  narrow compared 

t o  t h e  boundary l a y e r  th ickness ,  suggesting the a p p l i c a b i l i t y  of  

a flame sheet model. T h e  associated spec ie s  m a s s  f r a c t i o n  p r o f i l e s  

a t  t h r e e  r e p r e s e n t a t i v e  a x i a l  s t a t i o n s  are shown i n  F igures  18, 

1 9  and 20. Figure  18 shows the i n i t i a l  p r o f i l e s ,  Figure 19 shows 

the p r o f i l e s  a t  2.55 feet  and Figure 20  a t  8 ,56 f t .  Notice i n  

F igu res  19 and 20 the narrow reg ion  i n  which t h e  water concent ra t ion  

peaks ,  the oxygen concentrat ion diminishes and which a l s o  corresponds 

t o  t h e  region where the temperature peaks. This flame sheet region 

i s  narrow i n  e x t e n t  compared t o  t h e  boundary l a y e r  s i n c e  c h a r a c t e r i s t i c  

r eac t ion  t i m e s  f o r  hydrogen combustion a r e  much smaller  than  the 

c h a r a c t e r i s t i c  t i m e s  a s soc ia t ed  w i t h  laminar d i f fus ion .  The  simple 

flame s h e e t  models, References 2 and 4,  assume t h a t  hydrogen and 

oxygen a r e  a n n i h i l a t e d  i n  the flame shee t  and t h a t  there e x i s t s  no 

oxygen i n  t h e  hydrogen r i c h  region. I n  t h e  more r e a l i s t i c  model 

of  TR 516 oxygen i s  mixed w i t h  the  hydrogen due t o  d i f f u s i o n  p r i o r  

t o  t h e  combustion i n i t i a t i o n  as seen i n  Figure 19 and 20. A f t e r  

combustion begins  the oxygen d i f f u s e s  i n t o  t h e  flame region from 

both sides of the high temperature region.  T h e  phys ica l  s i t u a t i o n  

t r e a t e d  i n  t h i s  c a l c u l a t i o n ,  i s  one wherein excess  hydrogen i s  
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dumped 

poss ib  

f r o m  t he  veh ic l e  ad jacent  t o  t h e  v e h i c l e  surface.  The 

l i t y  of i g n i t i o n  o f  t h i s  hydrogen depends on t h e  presen 

of an upstream dis turbance such a s  a shock which provides  a 

high temperature a i r  flow i n  t h e  v i c i n i t y  of t h e  j e t .  I n  t h i s  

case t h e  ca l cu la t ion  shows t h a t  f o r  a d i s t ance  on t h e  o rde r  of 

1 0  f e e t ,  which is  long compared t o  t h e  d i s t a n c e  f o r  t r a n s i t i o n  

e 

t o  

t u r b u l e n t  flow under normal f l i g h t  condi t ions ,  t h e  flame o r  region 

of h igh  temperature i s  kep t  w e l l  away from t h e  v e h i c l e  wa l l .  

I n  TR 425 e n t i t l e d  "Multicomponent-Multiphase Viscous Flow 

with Chemical Reactions",  P a r t  I ,  Analysis ,  by R. Edelman, R e f .  12 

t h e r e  was developed a phys i ca l  model and computational scheme f o r  

t h e  study of viscous j e t  mixing conf igu ra t ions  i n  t h e  presence of 

condensed phases. I n  TR 508 e n t i t l e d  "Multicomponent-Multiphase 

Viscous Flow with Chemical Reactions" P a r t  I1 Computations, by 

R.  Edelman and G. Wei le rs te in ,  Reference 13,  t h e  computational 

scheme was extended t o  inc lude  t h e  a d d i t i o n a l  c a p a b i l i t y  r equ i r ed  

f o r  treatment of chemically a c t i v e  j e t  flows. I n  a d d i t i o n ,  

numerical computations w e r e  c a r r i e d  ou t  f o r  both chemically a c t i v e  

and frozen f l o w s .  

The bas ic  conf igura t ion  of t h e  flow f i e l d  i s  shown i n  Figure 2 1 .  

The j e t  i s  an axisymmetric, f u l l y  expanded s t ream of l o w  temperature hy- 

drogen andtheouter  flow i s  a uniform stream of m o i s t  a i r .  The 

j e t  temperature i s  s u f f i c i e n t l y  low t o  condense t h e  02, N2 and H 0 

a f t e r  mixing has  occurred. The f ree  stream temperatures  w e r e  chosen 

below and above t h e  i g n i t i o n  l i m i t  t o  provide cond i t ions  for 

chemically frozen and a c t i v e  two phase flows. The  l a t t e r  i s  t h e  

more general  case and l e a d s  t o  a f l o w  f i e l d  a s  dep ic t ed  i n  F igure  2 1 .  

Region A represents  the co re  of pure hydrogen which i s  v i r t u a l l y  

2 
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I unaffected by t h e  d i f f u s i o n  process. 

occurred b u t  the  temperature l eve l s  a r e  w e l l  b e l o w  t h e  requi red  

I n  region B mixing h a s  

1 
I temperature f o r  i g n i t i o n .  This region i s  predominantly H 0 and 

2 '  2 
I H 0 i n  two-phase s t a t e s  w i t h  only t r a c e s  of gaseous 0,  H and OH. 

I 2 
Region C r ep resen t s  a zone of intermediate  temperature l e v e l s  

which a r e  above those requi red  for  two phase s t a t e s  and no t  y e t  

high enough f o r  i g n i t i o n .  Combustion t a k e s  p l ace  a t  the h ighe r  

temperatures which p r e v a i l  i n  Region D where s i g n i f i c a n t  concentra- 

t i o n s  of a l l  seven spec ies  appear. The approach t o  t h e  f r e e  stream 

s t a t e  i s  accompanied by the  disappearance of  hydrogen and combustion 

subsides .  Therefore,  region E i s  a zone where mixing has  occurred 

without  s i g n i f i c a n t  chemical a c t i v i t y .  

I 

Figures  22a, b, and c, show the r a d i a l  d i s t r i b u t i o n  of t h e  

p e r t i n e n t  v a r i a b l e s  a s soc ia t ed  with t h e  low temperature,  chemically 

f rozen  case a t  a r ep resen ta t ive  streamwise s t a t i o n .  The hydrogen 

j e t  i s  a l l  g a s  a t  40°K and t h e  free s t r e a m  i s  a t  a pressure  

corresponding t o  an a l t i t u d e  o f  40KM (6.3 l b / f t  ) 

o f  260°K, 

2 and a temperature 

F igure  22a, shows t h e  mixture mass f r a c t i o n s  f o r  t h e  four  

components p re sen t  i n  t h e  l o w  temperature flow f i e l d .  The non- 

2 
mono ton icd i s t r ibu t ion  of t h e  H 0 i s  of p a r t i c u l a r  i n t e r e s t  s ince  

t h i s  behavior  i s  a r e s u l t  o f  the phase sepa ra t ion  phenomenon. A s  

t h e  flow f i e l d  develops t h e  H 0 gas d i f f u s e s  inward and i s  cooled 

s u f f i c i e n t l y  t o  condense. The condensed f r a c t i o n  undergoes no 

f u r t h e r  d i f f u s i o n  and merely flows along t h e  s t reaml ines  descr ibed  

by t h e  l o c a l  mean gas  phase ve loc i ty .  A zone of condensate i s  

developed a s  a d d i t i o n a l  H 0 vapor i s  condensed on ad jacent  stream- 

l i n e s .  Closer  t o  t h e  a x i s  t he  N and 0 begin condensing and 

form a less pronounced condensed phase zone i l l u s t r e a t e d  i n  Figure 22b .  

2 

2 

2 2 
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To study iihe behavior of a two-phase system wi th  combustion t h e  
0 

f r e e  stream temperature and pressure  w e r e  increased  t o  1500 K and 

114 l b / f t  , respec t ive ly .  The pressure  corresponds t o  an a l t i t u d e  

of 20KM where the hydrogen j e t  a t  the temperature o f  40 K i s  i n  an 

a l l  gas  s t a t e .  Radial  d i s t r i b u t i o n s  of t h e  p e r t i n e n t  v a r i a b l e s  a r e  

shown i n  Figures 2 3  which r ep resen t s  the  f l o w  f i e l d  conf igura t ion  a t  

a streamwise s t a t i o n  where s i g n i f i c a n t  chemical and two phase phe- 

nomenon a r e  p re sen t ,  Figure 233 shows t h e  mass f r a c t i o n  d i s t r i b u t i o n s  

of t h e  four  major components i n  t h e  flow f i e l d .  The appearance of 

s i g n i f i c a n t  chemical r eac t ion  i s  ev ident  by t h e  l a r g e  inc rease  i n  

t h e  mass f r a c t i o n  of H 0 i n  t h e  h igh  temperature region (900<1500 K). 

Addit ional  evidence o f  combustion i n  t h i s  region i s  t h e  d e p l e t i o n  of 

O 2  and H 

t h e i r  peak values  wi th in  t h i s  combustion zone a s  shown i n  F igure  23b. 

2 

0 

0 

2 

The corresponding m a s s  f r a c t i o n s  of 0 ,  H and OH a t t a i n  
2 '  

The nature of t h e  above r e s u l t s  a r e  i n  p a r t  governed by t h e  

model assumption regarding t r a n s p o r t  phenomena i n  t h i s  two-phase 

system. The assumption t h a t  viscous t r a n s p o r t  i s  a gas-phase process  

r e q u i r e s  j u s t i f i c a t i o n  p a r t i c u l a r l y  i n  t u r b u l e n t  flow f i e l d s .  If 

t h e  p a r t i c l e s  a re  small  (low micron t o  sub-micron range) and i n  

a d d i t i o n  small compared t o  t h e  microscale  of  t h e  gas-phase turbulence,  

t h e  p a r t i c l e s  w i l l  fo l low t h e  gas-phase motion. Under t h e s e  

cond i t ions ,  t u rbu len t  t r a n s p o r t  i n  the p a r t i c u l a t e  phase can be 

expressed i n  terms of an eddy v i s c o s i t y  equal  t o  t h a t  of  t h e  gas- 

phase. If the p a r t i c l e s  a r e  l a r g e  compared t o  t h e  microscale of  

t h e  gas-phase t u r b u l e n c e  t h e  p a r t i c u l a t e  phase eddy v i s c o s i t y  w i l l  

be s m a l l  compared t o  t h a t  o f  t h e  gas-phase and t h e  p a r t i c l e s  w i l l  

not  d i f f u s e  b u t  w i l l  be governed by t h e  mean gas-phase motion. 

The ca l cu la t ions  presented  h e r e  s imulated gas-phase turbulence  with 

a v i s c o s i t y  one hundred t i m e s  t h e  l o c a l  laminar va lue .  If the  

p a r t i c l e s  were allowed t o  d i f f u s e  i n  accordance with t h e  "small  
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p a r t i c l e "  condi t ions  described above, t h e r e  would  no t  have r e s u l t e d  

t h e  11pop81 i n  t h e  H 0 mixture mass f r a c t i o n  d i s t r i b u t i o n .  The 

tendency t o  accumulate would vanish i n  t h e  r eg ions  where condensed 

phases e x i s t .  

1 

2 

I n  essence then,  t he  c a p a b i l i t y  t o  t r e a t  combined canbustion 

and two-phase conf igu ra t ions  i n  laminar and t u r b u l e n t  flows i s  

considered t o  have been generated.  The p o s s i b i l i t y  of a simultaneous 

plume of  water and of hydrogen combustion i n  t h e  region behind 

a s t rong  shock was considered. 

I n  t h e  aforementioned s tud ie s  no at tempt  w a s  made t o  t r e a t  

t h e  e f f e c t  of  turbulence along the v e h i c l e  boundary l a y e r .  Such an 

e f f e c t  can be of importance i n  the  eva lua t ion  of a l t e r n a t i v e  modes 

o f  hydrogen e j ec t ion .  For example, i f  t h e  hydrogen i s  dumped 

overboard v i a  a t u b e  o r i e n t e d  p a r a l l e l  t o  t h e  v e h i c l e  su r face  and 

some a r b i t r a r y  d i s t a n c e  away from it, t h e  p o s s i b i l i t y  e x i s t s  of 

hydrogen d i f f u s i o n  i n t o  t h e  wa l l  boundary l aye r .  A t  supersonic 

speeds the wa l l  boundary l a y e r  contains  high s t a t i c  temperatures 

and i f  s u f f i c i e n t  hydrogen d i f f u s e s  i n t o  t h i s  reg ion  t h e  danger 

of combustion a r i s e s .  

T o  analyze such problems a tu rbu len t  boundary l a y e r  a n a l y s i s  

was undertaken and i s  repor ted  i n  GASL TR 514, e n t i t l e d  "Compressible 

Turbulent  Boundary Layer w i t h  Application t o  Hydrogen Dumping and 

Combustion" by H. Rosenbaum, Reference 14. I n  order  t o  pursue t h i s  

i n v e s t i g a t i o n  it was f i r s t  necessary t o  formulate a model f o r  t h e  

t u r b u l e n t  boundary l a y e r .  Once t h i s  model had been formulated 

and  tested the  hydrogen dumping problem w a s  considered as  an 

a p p l i c a t i o n .  

T h e  b a s i s  of  t h e  a n a l y s i s  i s  two-fold: app l i ca t ion  i s  made of  

t ransformat ion  theory t o  reduce the v e l o c i t y  f i e l d  i n  a compressible 

f l o w  t o  t h a t  corresponding t o  an incompressible cons tan t  p rope r ty  
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flow and adequate d e s c r i p t i o n  was provided of t h e  v e l o c i t y  f i e l d  

corresponding to  t h a t  i n  an incompressible t u r b u l e n t  boundary 

l aye r .  T h e  r ecen t  work of  Coles and Crocco has  made a v a i l a b l e  a 

genera l  t ransformation f o r  t u r b u l e n t  flow which r e q u i r e s  no 

s p e c i f i c a t i o n  of  a r b i t r a r y  re ference  s t a t e s  a s  d i d  e a r l i e r  informa- 

ti ons . 
For the  purpose of j u s t i f y i n g  t h e  formulation and f i n i t e  

d i f f e rence  s o l u t i o n  technique of t h e  energy conservat ion equat ion,  

an incompressible h e a t  t r a n s f e r  c a l c u l a t i o n  w a s  performed and 

compared t o  an experiment f o r  var ious  e f f e c t i v e  Prandt l  numbers. 

These r e s u l t s  a r e  shown i n  Figure 24 t o  25. Then a compressible 

flow ca lcu la t ion  w a s  performed t o  determine t h e  s k i n  f r i c t i o n  d i s t r i b u t i c  

on an ad iaba t i c  wa l l  i n  a Mach N o .  = 2 .7  flow. The comparison 

of t h i s  w i t h  t h e  experiments of  Matting and Chapman a r e  shown 

i n  Figure 26.  

A ca l cu la t ion ,  inc luding  the  e f f e c t s  o f  f i n i t e  r a t e  chemistry,  

corresponding t o  an a i r  boundary l a y e r  with a hydrogen e x t e r i o r  

was next  performed. As t h e  hydrogen d i f f u s e s  towards t h e  wa l l  i t s  

temperature, due to  t h e  high wa l l  temperature ,  w i l l  i n c r e a s e  and 

combustion can be i n i t i a t e d .  This  approximates t h e  phys ica l  s i t u a t i o n  

wherein hydrogen i s  dumped overboard i n  t h e  v i c i n i t y  o f  t h e  v e h i c l e  

boundary layer .  

of temperature r a t i o  and species mass f r a c t i o n s .  Figure 2 8  shows 

t h e  wa l l  concent ra t ions  downstream o f  t h e  i n i t i a l  region.  F igure  29 

shows t h e  d i s t r i b u t i o n s  of  spec ie s  mass f r a c t i o n s  a t  t h e  a x i a l  

s t a t i o n  where the c a l c u l a t i o n  was terminated.  F igure  30 shows t h e  

corresponding temperature p r o f i l e .  Although no s i g n i f i c a n t  t e m p e r a -  

t u r e  r ise  i n  t h e  boundary l a y e r  has  occurred  it i s  ev ident  from 

I n  F igure  27 t h e r e  a r e  shown t h e  i n i t i a l  p r o f i l e s  
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t h e  r eac t ion  products p r e s e n t  t h a t  combustion had begun. The 

c a l c u l a t i o n  impl ies  t h a t  extreme care m u s t  be exerc ised  i n  t h e  

dumping of  t h e  hydrogen i n  order  t o  avoid t h e  p o s s i b i l i t y  of 

combustion. 

An experimental s tudy of d i f fus ion  o f  hydrogen from a j e t  

of r a d i u s  ''a " in to  t h e  t u r b u l e n t  boundary l a y e r  and of subsequent 

combustion was considered. The first phase of t h e  program which 

was designed t o  i n v e s t i g a t e  t h e  d i f fus ion  from t h e  j e t  i n t o  t h e  

boundary l a y e r  i s  repor ted  i n  TR 525 e n t i t l e d  "Experimental S tud ie s  

of t h e  Dif fus ion  of a Light  Gas Exhausting i n t o  a Supersonic A i r  

Stream i n  t h e  V i c i n i t y  of a Wall" by J. Tamagno and M. Recarey, 

Reference 15. 

Q u a l i t a t i v e  a n a l y t i c a l  p red ic t ions  o f  the three-dimensional 

flow p a t t e r n  which develops i n  t h e  mixing region between the  i n j e c t e d  

gas and t h e  primary flow w e r e  obtained using a l i n e a r i z e d  technique 

which reduces t h e  spec ie s  conservation equat ion t o  one formally 

i d e n t i c a l  t o  t h e  c l a s s i c a l  unsteady h e a t  d i f f u s i o n  equation. Also a two- 

dimensional t u r b u l e n t  boundary layer  a n a l y s i s  was used t o  g ive  

an approximate, b u t  conservat ive ex t r apo la t ion  of wa l l  concent ra t ion  

f u r t h e r  downstream of t h e  reg ion  inves t iga t ed  experimentally.  

The experimental  i nves t iga t ion  was c a r r i e d  o u t  using a 

t u r b u l e n t  j e t  of helium exhausting i n t o  an a i r  stream a t  a d i s t a n c e  

D from the wa l l  . 
T e s t s  w e r e  performed a t  t w o  r e l a t i v e  d i s t a n c e s  a/D of t h e  

t u b e  from t h e  wal l .  

1, The i n j e c t i o n  tube located a t  a/D=1.7 

2.  The i n j e c t i o n  tube  located a t  a/D=3. 
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Measurements of s t a t i c  pressure ,  p i t o t  p ressure  and 

concentrat ions were obtained a t  var ious  s t a t i o n s  downstream o f  the 

i n j e c t i o n  point .  It was concluded f r o m  t h e  i n v e s t i g a t i o n  t h a t  

t h e  amount of an i n j e c t e d  r eac t ing  gas  w h i c h  w i l l  d i f f u s e  i n t o  h igh  

temperature regions of the wa l l  boundary l aye r  may be kep t  below 

a dangerous point by simply l o c a t i n g  t h e  i n j e c t o r  a few nozzle  

diameters  above the wa l l  ( i n  t h e  cases  considered it was only 

requi red  to  have a/D > 3 ) ;  on the o t h e r  hand lowering the i n j e c t o r  

could r e s u l t  i n  s u f f i c i e n t  accumulation of  i n j e c t a n t  i n t o  t h e  w a l l  

boundary layer t o  i n i t i a t e  and s u s t a i n  combustion. 
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111. CONCLUSION AND RECOMMENDATIONS 

The f l u i d  mechanical analyses  have shown t h a t  t he  hydrogen 

and a i r  w i l l  mix i n  lengths  which a r e  sho r t  compared to  p r a c t i c a l  

veh ic l e  dimensions and form mixtures whose composition i s  such as  

t o  f a l l  wi th in  the  combustion l i m i t s  of t h e  air-hydrogen system. 

However, wi th  p e r f e c t l y  expanded nozzles and no l o c a l  dis turbances,  

temperatures and pressures  a re  such t h a t  combustion w i l l  not  occur.  

I f  t h e r e  a r e  l o c a l  h o t  zones i n  t he  flow f i e l d ,  combustion can be 

i n i t i a t e d ,  and once i n i t i a t e d  w i l l  be  maintained. One such ho t  

s p o t  i nves t iga t ed  i n  d e t a i l  here  is  the  high s t a t i c  temperature 

region occurr ing i n  t h e  boundary l aye ra€  the  veh ic l e .  Thus, i f  

hydrogen i s  e j ec t ed  i n  such a manner a s  t o  d i f f u s e  i n t o  t h e  a i r  

boundary l aye r  along the  sur face ,  combustion i s  p red ic t ed .  It 

does not  follow t h a t  hydrogen e j ec t ed  wi th in  t h e  boundary layer  

w i l l  burn immediately. The normal h igh  s t a t i c  temperature peak 

appearing i n  an a i r  boundary layer under supersonic  f l i g h t  condi t ions  

i s  suppressed b e c a u s e d  t h e  h igh  hea t  capac i ty  of t h e  hydrogen. 

H e r e  combustion can occur only a f t e r  s u f f i c i e n t  hydrogen has  d i f fused  

away from t h e  vehic le  wal l .  These lengths  may be long compared t o  

veh ic l e  dimensions. Despi te  t h i s  seeming advantage, i g n i t i o n  can 

s t i l l  be induced i n  t h i s  configurat ion a s  a r e s u l t  of protuberances 

o r  i r r e g u l a r i t i e s  i n  t h e  veh ic l e  sur face  o r  e j e c t i o n  hardware, a s  

was observed i n  t he  experimental  s t u d i e s  considered i n  t h e  foregoing. 

I 
I without  hazard of i g n i t i o n  o r  combustion by vent ing v i a  a p a r a l l e l  

, p e r f e c t l y  expanded nozzle.  This should be displaced f a r  enough from 

I t  appears t h a t  upstream e jec t ion  of hydrogen can be accomplished 
I 

I 

t h e  v e h i c l e  t o  reduce hydrogen l eve l s  t o  below flammabili ty l i m i t s .  

It should be noted t h a t  the e f f e c t  of  nozzle underexpansion on 
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combustion i n i t i a t i o n  was not  treated i n  t h e  foregoing s tud ie s .  

Nor were e f f e c t s  of pressure  i n t e r a c t i o n  with v iscous  j e t  mixing 

and chemical combustion o r  of m o r e  r e a l i s t i c  t rea tments  of 

t u r b u l e n t  t r anspor t s .  It  i s  recommended t h a t  these e f f e c t s  be 

given f u r t h e r  cons idera t ion  because of  t he i r  importance i n  t h e  

combustion and d i f f u s i o n  mechanisms appearing i n  a number o f  

e x t e r n a l  f l o w  problems of c u r r e n t  i n t e r e s t  and importance. 
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